There are two human gammaherpes viruses, and both are associated with malignancies: EBV and Kaposi's sarcomaassociated herpesvirus (KSHV), also known as human herpesvirus 8 (HHV8). Indeed, both were originally discovered in tumors. EBV was identified in endemic (African) Burkitt lymphoma (1, 2) . Subse quent studies showed the virus to be con sistently associated with undifferentiated nasopharyngeal carcinoma, nasal NK/T cell lymphoma, early posttransplant lym phoma, and AIDS primary central nervous system lymphoma and variably associated with Hodgkin lymphoma, diffuse large B cell lymphoma, peripheral T cell lym phoma, and gastric lymphoma. KSHV was first identified in Kaposi's sarcoma and subsequently identified in primary effu sion lymphoma, a highly aggressive and difficult to treat B cell lymphoma that typi cally presents as a malignant effusion and is almost exclusively seen in patients with HIV (3). In addition, KSHV is consistently associated with Castleman's disease in HIVinfected patients. Although not con sidered neoplastic because it is polyclonal, Castleman's disease is a B cell lymphopro liferative disease. Both viruses are trans mitted in saliva, and both establish latency in B lymphocytes.
Although there are antivirals that inhibit KSHV and EBV virion production, these have proven ineffective for the treat ment of tumors. Available pharmacologic agents inhibit the viral DNA polymerases required for the production of new virions in lytic infection, but do not inhibit replica tion of viral genomes in latently infected tumor cells. Replication of viral genomes in latently infected tumor cells is carried out by the host cell polymerase. Similar ly, tumor virus genomes integrated into the host cell genome are also replicated by host cell DNA polymerase. However, in contrast with the human papillomavi ruses and Merkel cell polyomavirus, the gammaherpesvirus genomes are gener ally not found to be integrated in tumor DNA. These large doublestranded DNA genomes are present in cells, including most tumor cells, as nuclear plasmids or episomes. Their persistence in divid ing cells requires viral proteins that allow them to divide in synchrony with the cell cycle and to be partitioned among daugh ter cells. Approaches to specifically inhibit the function of these viral proteins are still in their infancy, although there are some promising developments (4).
Viral serine/threonine kinases
In addition to the gammaherpesviruses that are associated with tumors, there are α (herpes simplex and varicellazoster virus) and β herpesviruses (cytomegalo virus, HHV6, HHV7). Viral infections are associated with all manner of human ills, from fever blisters to intellectual disabil ity, pneumonitis, and birth defects (5). All mammalian herpesviruses reprogram host cell gene expression, sense the state of the cell cycle, alter that state, and acti vate lytic gene expression to produce new virions (5, 6). The herpesviruses encode latency genes that are unique to each subfamily, while many of the lytic genes, such as those encoding proteins involved in lytic viral genome replication or that are structural components of the virion, are conserved. Among the conserved replica tion proteins is a serine/threonine protein kinase with structural similarity to the cellular kinase cyclindependent kinase 2 (cdk2) (7) . These viral protein kinases phosphorylate CDK cellular targets as well as viral protein targets. They are more pro miscuous than cellular CDKs and phos phorylate some other targets as well.
The human cytomegalovirus (HCMV) protein kinase UL97 phosphorylates ganci clovir, beginning a phosphorylation series that leads to ganciclovir triphosphate, which inhibits viral and cellular DNA poly merases. This is the basis for the clinical efficacy of ganciclovir in the treatment of HCMV. Ganciclovir also has some activity in EBV and KSHV infection. An inhibitor of UL97, maribavir is in clinical trials for the treatment of HCMV. Protein kinase activity appears to be required for egress of virus from the nucleus.
In this issue of the JCI, investiga tors created two heterozygous transgenic mouse lines expressing the KSHV protein kinase under the control of a ubiquitin pro moter (8) The human gammaherpesviruses, Epstein-Barr virus (EBV) and Kaposi's sarcoma-associated herpesvirus (KSHV), are both associated with tumors. Standard antiviral therapies are ineffective at treating these tumors. A serine/threonine kinase important for viral replication is conserved across the herpesviruses. Expression of the KSHV protein kinase in transgenic mice under the control of a ubiquitin promoter was associated with B cell lymphoproliferative disease and lymphoma. If the viral protein kinase is important in the pathogenesis of KSHV lymphoproliferative disease or lymphoma, the kinase may present a very good target for pharmacologic therapies.
been licensed to treat cancer and many more are in trial (11) . In addition, as noted above, there is already an antiviral that inhibits the HCMV protein kinase in clini cal trials (12) . With large libraries of kinase inhibitors available, it seems likely that effective inhibitors of the KSHV protein kinase have already been synthesized and that if the viral protein kinase is indeed an important contributor to the development or maintenance of KSHV lymphoprolif erative disease, drug therapies that will prevent or treat KSHVdriven lymphopro liferative disease will emerge. a substantially increased incidence of B cell lymphoma or lymphoproliferative dis ease in comparison with nontransgenic controls. The resultant tumors expressed germinal center and post-germinal center markers. Tumor cells were highly prolif erative, produced inflammatory cytokines, and expressed the viral protein kinase. Clonality studies indicated that some of the tumors were oligoclonal, while others were polyclonal. Thus, the KSHV protein kinase can clearly drive cell proliferation and contribute to a phenotype that resem bles primary effusion lymphoma. It should be noted that as of yet, there is no direct evidence that the protein kinase is what is driving lymphoproliferation in patients. In this regard, it is worth noting that there is evidence that the KSHV protein kinase is under the regulation of a promoter that includes hypoxiaresponsive elements and thus this protein may be expressed under hypoxic conditions, such as those asso ciated with primary effusion lymphoma even when other viral lytic proteins are not expressed (9, 10) .
Conclusions
The findings warrant attention because we have gotten very good at inhibiting various cellular and viral kinases, includ ing CDKs. Several CDK inhibitors have
